Abstract-A three-dimensional fully interlaced woven microstrip-fed substrate integrated waveguide has been designed, manufactured and experimentally validated. The waveguide has been conceived based on the conventional substrate integrated waveguide (SIW) technology and works in a range of frequencies between 7.5 GHz and 12 GHz. The SIW structure is suitable to be translated into different equivalent woven structures depending on the characteristics of the employed threads, as it has been presented in previous works. In this work, a structure based on rigid weft threads has been employed with the aim of translating both the waveguide and the corresponding SIW to microstrip transitions, into woven patterns and, therefore, achieving the main purpose of a complete integration of the circuit into the textile, avoiding the use of external transitions for its validation. Consequently, three prototypes, using three different lengths, have been manufactured and experimentally characterised, and the theoretically predicted behaviour of the prototypes has been experimentally verified.
INTRODUCTION
During the last years, there has been increasing interest in microwave textile integrated circuits (TIC) due to the possibility of their integration in clothing or technical textiles and the development of conformable structures such as upholsteries. In the literature, a variety of solutions to develop TIC has been proposed. For instance, embroidery techniques represent a full integration of the circuit into the textile; nevertheless, it does not allow multilayered designs [1] [2] [3] [4] [5] [6] . On the contrary, non-wovens are fabric-like materials made from different kinds of fibers, bonded together by different procedures, leading to materials such as felt which are neither woven nor knitted [7] [8] [9] . For this reason, a multilayered nonwoven can be manufactured, although different subsequent procedures may be required to structure and provide it with the desired electromagnetic behaviour. Another alternative to develop TIC is the use of applique processes, which consist of attaching various textile materials employing different alternatives such as sewing, adhesive or gluing procedures [10] [11] [12] [13] [14] [15] , although the different procedures to manufacture the final prototype lead to the difficulty of its large scale production. However, one of the most cited alternatives to develop TIC is inkjet printed patterns over textile substrates [16] [17] [18] [19] [20] . The use of the printing techniques -screen printing or inkjet printing -for the realisation of conductive patterns over textile substrates presents several advantages regarding the possibility of achieving complex details in the designs. Nevertheless, the requirement of an interface layer to deal with the uneven substrates represents an additional subprocess which costs time during the manufacturing of the prototypes.
Furthermore, more recently, SIW structures have been found very interesting to be integrated in textile, and several solutions have been proposed in the literature for this purpose. As an example, the conductive and dielectric elements of a textile SIW structure can be achieved using electrically conductive and dielectric fabrics, respectively, whereas the conductive vias can be achieved employing conductive threads [21] , eyelets [22] [23] [24] [25] [26] or conductive cylindrical wires [27] . However, the before mentioned alternatives to develop textile SIW prototypes are not completely integrated in textile, as they require eyelets or wires, and require several processes to be manufactured. For this reason, weaving technology has been found to be an interesting option to deal with the beforementioned problems.
A woven structure can be divided into two different sets of threads, the warp and the weft threads [28] . While the warp threads are previously assembled in the loom, the weft threads are successively inserted in the loom to create the woven structure. Consequently, depending on the characteristics of the materials from which the threads have been extruded, and the manufacturing procedure of the threads -whether they are multifilaments or monofilaments -the threads will tend to be flexible or rigid. In [29] , a TIW using rigid warp multifilament threads has been developed, then, the conductive vias are achieved using different patterns of the flexible weft threads. For its experimental validation, a pair of 3D-printed TIW to rectangular waveguide transitions have been designed and manufactured, because the textile prototype only includes the waveguide.
However, the TIW proposed in this paper is totally different from the TIW already presented in [29] . In this paper, a microwave microstrip-fed fully TIW is proposed, avoiding the necessity of manufacturing a pair of 3D-printed TIW to rectangular waveguide transitions, and consequently achieving the main purpose, which is a complete integration of the circuit into the textile structure. For this purpose, the three-dimensional woven structure requires an additional layer of weft threads and its corresponding binders, which are subsequently removed in order to achieve the TIW to microstrip transitions. Moreover, in this paper, because the warp threads are flexible, they provide the possibility of creating different warp patterns. As the weft threads are rigid, a constant height of the textile substrate can be achieved [30] , leading to a better performance of the TIW.
The paper is organised as follows. In Section 2, the structure of the TIW will be presented. In Section 3, the employed conductive materials will be explained. In Section 4, the employed dielectric materials will be analysed. In Section 5, the design of the TIW and subsequent translation into woven prototypes will be detailed. In Section 6, the design of the TIW to microstrip transition will be explained. In Section 7, the simulations will be presented. In Section 8, the fabrication process will be explained. In Section 9, the experimental validation will be presented.
STRUCTURE OF THE TIW
A three-dimensional microstrip-fed TIW using rigid weft threads is proposed for its single-mode operation at a range of frequencies between 7.5 GHz and 12 GHz. The TIW has been designed using the three-step modelling which has already been discussed in [29] and particularised to two steps in [30] due to the use of monofilaments. Figure 1 represents an overview of the Layers Model (LM) associated with the proposed TIW, the coordinate system, the orientation of the electromagnetic (EM) field and the propagation direction.
The TIW is based on a SIW, then, it can be divided into three different layers, a dielectric layer (whose height is denoted by H SIW ) between two conductive plates. The separation between the two rows of conductive vias is given by W SIW , whereas the diameter of each via and the separation between two consecutive vias are given by D and S, respectively. The parametric length of the TIW is given by L SIW .
The proposed TIW is fully integrated in textile; therefore, the conductive and dielectric parts are manufactured using different types of threads. In the proposed TIW, the warp direction coincides with the propagation direction, whereas the weft direction is parallel to the orientation of the magnetic field. Unlike in the case of the TIW presented in [29] , where the warp threads remain straight, in this work, the weft threads are the ones which remain straight, then the different warp patterns generate the woven structure. The conductive and dielectric employed materials will be explained in Section 3 and Section 4, respectively.
CHARACTERISATION OF THE CONDUCTIVE MATERIALS
Electrically conductive Shieldex 117f17 2-ply yarns, with 17 filaments per ply and a density of 117 dtex [29] have been used for the weft threads. For simplification, this material will be denoted by Shx2p. The threads usually present a circularly shaped cross section; however, when they are in a woven structure, due to the forces actuating between them, the cross section of the multifilament threads can be deformed [31] . The Shx2p threads employed in this prototype adopt a Pierce's elliptic cross section when they are in the woven structure which will be then presented. In addition, electrically conductive Shieldex 117f17 1-ply yarns, with 17 filaments per ply and a density of 117 dtex have been used for the warp threads. These threads adopt a circular cross section, then they are not deformed when they are in the woven structure which will be then presented. The cross section approaches and corresponding dimensions of the different conductive threads are summarised in Table 1 . The thickness of the silver coating of each filament, for both types of threads, is given by T c = 0.5 µm, whereas the total diameter of each filament is given by D f = 31 µm, as depicted in Figure 2 (a). Following the procedure described in [30] , the skin depth effect of both threads has been analysed. First, the skin depth, δ Sd , is calculated using the minimum frequency, f min = 7.5 GHz, applying Eq. (1). As the resistivity of the silver is ρ Silver = 1.59 · 10 −8 (Ωm), δ Sd = 0.7328 µm.
Then, the total surface of conductive coating, S c , in the N fil filaments is calculated using Eq. (2). For Shx2p threads, N fil Shx2p = 34 filaments, consequently, S c Shx2p = 8.2113 · 10 −10 m 2 . Alternatively, for Shx1p threads, N fil Shx1p = 17 filaments, therefore, S c Shx1p = 4.1057 · 10 −10 m 2 .
The cross section associated with Shx2p threads has been approximated by the Pierce's cross section. Therefore, as summarised in Table 1 , it is an ellipse whose semi-axes are 0.1 and 0.05 mm, respectively. The total surface of conductive coating, S c Shx2p , can be translated into an equivalent conductive ring whose thickness is given by T R Shx2p , as depicted in Figure 2 (b). The effective thickness of the coating ring, T R Shx2p , can be calculated generalising Eq. (2) for the Pierce's cross section, using Eq. (3). Consequently, T R Shx2p = 1.7632 µm.
Because T R Shx2p is greater than δ Sd , the Shx2p thread can be substituted by a completely conductive thread, whose conductivity can be calculated generalising Eq. (4) for the Pierce's cross section, using Eq. (5). Therefore, σ mon Shx2p = 3.2877 · 10 6 S/m.
Alternatively, the cross section associated with Shx1p threads has been approximated by the circular cross section. Therefore, as summarised in Table 1 , it is circumference whose radius is 0.075 mm. The total surface of conductive coating, S c Shx1p , can be translated into an equivalent conductive ring whose thickness is given by T R Shx1p , as depicted in Figure 2 (c). The effective thickness of the coating ring, T R Shx1p , can be calculated particularising Eq. (2) for this circularly cross section, using Eq. (6). Consequently, T R Shx1p = 0.8764 µm.
Because T R Shx1p is greater than δ Sd , the Shx1p thread can be substituted by a completely conductive thread, whose conductivity can be calculated particularising Eq. (4) for this circular cross section, using Eq. (7). Therefore, σ mon Shx1p = 1.4612 · 10 6 S/m.
CHARACTERISATION OF THE DIELECTRIC MATERIALS
For the dielectric parts of the prototype, two different types of thread have been employed. For the warp threads, uncoated polyethersulfone (PES) monofilament has been used. For the weft threads, uncoated polyethylene-terephthalate (PET) monofilament has been employed. For simplification, the PES warp threads and PET weft threads will be denoted by PES warp and PET weft , respectively. The characteristic parameters of the employed materials at the working range of frequencies are defined for the Monofilament Model (MM), as the threads are monofilaments, as follows. The relative permittivities of the PET and PES are ε mon PES = 3.4 and ε mon PET = 3.7, respectively. The loss tangents associated with the PES and PET are tan(δ) mon PES = 0.01 and tan(δ) mon PET = 0.001, respectively [32, 33] . The before mentioned characteristic parameters are summarised in Table 2 .
For both PES warp and PET weft threads, the circular cross section was found to be the best approximation. The dimensions of the cross section of each type of dielectric thread are indicated in Table 3 .
According to the procedure referenced in [29, 30] and because the PES weft threads remain straight, the different warp threads will conform the woven structure around the weft threads. The ends per inch and picks per inch, commonly known as epi and ppi, parameters employed in both designs are 169.3 and 16.9, respectively, leading to the woven structures which will be explained in detail in Section 5. Nevertheless, for clarification, the parameters which describe the LM are calculated and presented in this section. Given the epi and ppi parameters and the dielectric characteristics of the employed materials and following the procedure explained in [29, 30] , the equivalent relative permittivity, ε eq , has been found very close to 1. It means that even though the woven substrate is composed of materials whose relative permittivities are different from ε air , the existence of thick dielectric yarns, placed perpendicularly aligned with the propagation direction, leads to the existence of big air gaps, consequently reducing the value of the equivalent relative permittivity. Using this estimation procedure no more precision can be achieved; however, the design will not be affected by the use of ε eq = 1. Analogously, the equivalent loss tangent has been calculated and found to be tan(δ) eq = 0.01 due to the influence of the PES. Moreover, the equivalent electrical conductivity has also been calculated, then, σ eq = 5 · 10 5 S/m.
DESIGN OF THE WOVEN PROTOTYPE
Once the materials have been characterised and the densities of the woven structure, epi and ppi parameters, have been defined, a woven design which emulates the structure of a SIW is required. For the conductive plates of the SIW, top and bottom layers, two layers composed of warp and weft conductive threads, have been used. The substrate has been realised using a single layer of dielectric material composed of warp and weft threads. The conductive vias have been emulated using conductive warp threads crossing the prototype from the top to the bottom layer. In the proposed textile structure, the effective diameter of the vias is closely related to the diameter of the conductive warp threads employed to implement the top and bottom conductive layers of the TIW structure. The diameter of these conductive warp threads restricts not only the effective diameter of vias, but also the separation between two consecutive vias, S, which is also restricted by the diameter of the dielectric weft threads.
The distance between the two rows of conductive vias has been designed to be W SIW = 25 mm, in order to achieve required cutoff frequency. The separation between two consecutive vias belonging to the same row has been designed to be S = 1.5 mm, whereas the diameter of the conductive vias is D = 1.5 mm. For this reason, different warp patterns have been designed to create the SIW structure, while connecting the different layers of the prototype generalising the equations described in [29] for the different cross sections.
The design of conventional SIW, manufacturable using standard prototyping machines, presents an important difference compared with the design of their analogous TIW. In a SIW, the diameter of the via holes can be increased while keeping the distance between the centres of the via holes as a constant, up to a certain limit. By doing this, the space between two consecutive vias is reduced. However, increasing the effective diameter of the vias can only be achieved by using thicker conductive warp threads, which leads to different consequences. On the one hand, the separation between the vias does not remain constant, but increases, which leads to the increase of the losses. On the other hand, when the diameter of the vias increases and, consequently, the diameter of the conductive warp threads, these threads become thicker and less flexible, leading to the impossibility of implementing the desired warp patterns. For these reasons, in order to reduce the losses of the woven structure, a possible solution is proposed. The diameter of the thick dielectric weft threads can be reduced, and consequently, the vias would keep the same diameter while the distance between two consecutive vias would be reduced. However, the thickness of the woven structure would also be reduced. This consequence could also be solved by employing more interwoven layers of dielectric thinner threads; however, a more complex weaving loom would be required. For the aforementioned reasons, the dimensions of the threads employed to develop the proposed TIW have been chosen in order to achieve a balance between the losses and the required thickness of the structure.
An MM woven structure can be developed to emulate a SIW, as depicted in Figure 3 . Figure 3 (a) shows a conventional SIW or, equivalently, the LM associated to a TIW. The electric field is vertically oriented, therefore, parallel to the Y -axis, whereas the magnetic field is parallel to the X-axis. Consequently, the EM field propagates ink direction from port 1 to port 2. Figure 3 [34, 35] . Figure 4 (a) represents a general side view of the woven structure in which the height of the prototype, H SIW , is indicated. Moreover, the weft ends and warp threads which conform the woven structure are represented, while the conductive warp patterns generate the conductive plates, and the dielectric warp patterns connect the woven substrate. Figure 4(b) depicts the side view of the substrate patterns, which are called binders and are required to connect the three layers of the woven structure with the aim of implementing a compact structure. the side view of the vias patterns to electrically connect the top and bottom conductive layers. A general top view and magnification of the woven structure are depicted in Figure 5(a) , where the separation between the conductive vias is also detailed. Figure 5(b) represents the front view, or view from the port of the woven structure. Combining the different warp patterns with the weft threads, the before mentioned woven structure presented in Figure 5 (b) can be achieved.
DESIGN OF THE TIW TO MICROSTRIP TRANSITION
For the posterior experimental validation of the prototype, a TIW to microstrip line transition has been designed. As the height of the prototype is given by the width of the dielectric weft threads, H SIW = 1 mm. Given the height of the substrate and its equivalent relative permittivity, ε eq = 1, then the width, W ML , of a microstrip line, whose characteristic impedance is equal to 50 Ω, can be worked out using LineCalc from ADS. Consequently, W ML = 5 mm.
The transition is based on a tapered transmission line, as depicted in Figure 6 , whose dimensions have been optimised for maximum coupling between the TIW and the microstrip line. Consequently, the dimensions of the taper have been found to be W T = 22 mm and L T = 20 mm.
SIMULATIONS
The proposed prototype has been electromagnetically analysed using a 3D high frequency simulator with a frequency solver and a tetrahedral mesh. Figure 7 represents the simulated magnitude of the scattering parameters of the equivalent LM (including the transitions) for three different lengths, L SIW , of the prototype corresponding to 10, 15 and 20 mm, respectively. Although the simulated magnitude of the return losses is 0.35 dB/cm, it could be improved using silver threads in order to achieve a higher equivalent conductivity. The MM has not been completely simulated for the aforementioned lengths due to the computational resources required for this purpose. 
FABRICATION PROCESS
Different TIWs have been manufactured using an industrial MüGrip loom, corresponding to different lengths, to validate the proposed TIW. In order to manufacture the woven TIW to microstrip transitions, not only three layers of warp and weft threads but also an auxiliary fourth layer of weft threads are required. The purpose of this extra layer is weaving the leftover conductive warp threads which are not required in the top layer of the tapered microstrip line. Once these conductive warp threads are woven in the auxiliary layer, a cutting process automatically cuts and removes this layer, leading to loose weft threads in the top layer. To avoid this problem, a warp pattern composed of dielectric threads called binders connecting all the layers achieves a compact structure. The before-mentioned process is summarised in Figure 8 .
With the aim of achieving the tapered structure for the TIW to microstrip transitions, the conductive warp threads of the top layer must be interrupted. Figure 8 Once the auxiliary layer is removed, the prototype is manufactured. Figure 9 represents the top view of the manufactured TIW and magnification where a row of vias can be identified. Figure 10 (a) depicts a side view of the proposed TIW and a magnification. The width of the woven structure, H SIW , can be identified, as well as the separation between two consecutive dielectric weft threads, therefore, the separation between two adjacent conductive vias, S. Figure 10 
EXPERIMENTAL VALIDATION
The prototype has been validated using the experimental setup presented in Figure 11 . The two ports of the TIW section are connected to an Agilent N5247A PNA-X vector network analyser. Figure 12 As predicted by the simulations, the prototype presents a minimum insertion loss of 0.35 dB/cm, although it also presents a maximum insertion loss of 0.7 dB/cm, due to the ohmic losses of the conductive materials and the intrinsic radiative losses of the microstrip line. The insertion loss may be reduced using threads with higher conductivity. The use of coated threads may also lead to deterioration of the conductive coating, due to the wear out, consequently decreasing the thickness of the coating. For this reason, monofilament silver threads are proposed to achieve a higher conductivity while avoiding the uncoating problem due to the wear out. The agreement between simulated data and measurements demonstrates the validity of the TIW as a fully woven guiding structure. However, the differences between the simulated data and measured results may be due to manufacturing errors as well as the difficulty of fixing the connector in the textile structure.
CONCLUSIONS
A novel technique to develop microwave TIW using rigid weft threads has been presented. The general procedure based on the three-step parametric modelling to simulate woven structures presented [29] has been particularised to monofilaments, leading to a simplified two-step modelling. This two-step modelling has been applied to the design of the TIW. With the aim of achieving a complete integration of the prototype in textile for its experimental validation, a pair of tapered TIW to microstrip transitions has been designed and manufactured using an extra layer of textile materials.
To validate the design, three prototypes with different lengths have been experimentally characterised. The theoretically predicted behaviour of the textile structure has been experimentally verified. However, in order to reduce the insertion losses, it is proposed to use conductive threads with a lower resistance, such as silver monofilaments. Consequently, propagating waves through a woven waveguide has been demonstrated, opening a new field of research regarding TIW antennas based on SIW structures such as resonant cavities.
